Introduction
============

It has been accepted that the extracellular deposition of amyloid beta (Aβ) plaques and the accumulation of intracellular tau neurofibrillary tangles (NFT) are the most important pathophysiology of AD.[@b1-dddt-13-387] Tau, a microtubule-associated protein, is the main component of the intracellular filamentous inclusions, which is essential for the regulation of microtubule structure and axonal transport by binding to the microtubule. In the pathological state, tau protein hyperphosphorylation has been reported to drive tau aggregation and enhance tau-mediated neurotoxicity,^2^ leading to spine collapse and dendritic injury,[@b3-dddt-13-387] and aggravate neurodegeneration, which is involved in several neurodegenerative diseases, including AD and frontotemporal dementia with parkinsonism-17 (FTDP-17).

Oxidative stress is defined as an imbalance between oxidants and antioxidants, resulting in excessive generation of toxic molecules such as ROS.[@b4-dddt-13-387] When the concentration of reactive species is beyond the control of internal protective mechanisms, oxidative damage occurs to proteins, lipids, and DNA, leading to cytotoxicity.[@b5-dddt-13-387] The level of malondialdehyde (MDA), a marker of lipid peroxidation index, reflects the extent of lipid peroxidation, which is considered as crucial factor in AD.[@b6-dddt-13-387] Besides, glycolytic enzyme LDH increases along with plasma membrane damage, which is often used as an indicator of necrotic cell death caused by a plethora of external stress factors. Oxidative damage to neurons and loss of cholinergic neurons in the forebrain region are observed in AD,[@b7-dddt-13-387] and several investigations have revealed that oxidative stress plays an important role in the pathogenesis of AD.[@b8-dddt-13-387] Furthermore, several anti-oxidative and anti-tau protein hyperphosphorylation therapeutic strategies show great potential in treating AD.[@b9-dddt-13-387],[@b10-dddt-13-387]

AD often expresses with multiple comorbidities such as depression. AD and depression share some common etiology, including oxidative stress and nitrosative stress;[@b11-dddt-13-387] therefore, more and more evidence demonstrated that antidepressant exerted neuroprotective effect in the development of AD.[@b12-dddt-13-387],[@b13-dddt-13-387] As a novel antidepressant drug, agomelatine, widely applied in clinic, is a receptor agonist that affects both MT1 and MT2 melatonin receptors and an antagonist that affects 5-hydroxytyriptamine (5HT) 2C receptor. Agomelatine was quite effective not only for insomnia but also for anxiety and depressive symptoms. Recent studies have shown that agomelatine provided neuroprotective effect in multiple disease models, such as ischemic stroke animal model[@b14-dddt-13-387] and depression animal model,[@b15-dddt-13-387] by anti-oxidative injury,[@b15-dddt-13-387] anti-apoptosis, and by promoting neural restoration.[@b16-dddt-13-387],[@b17-dddt-13-387] However, it remains unclear whether agomelatine exerts neuroprotection in AD.

In the present study, the PC12 cell line was used and aimed to explore 1) effect of agomelatine on tau protein phosphorylation and oxidative damage induced by Aβ~25--35~ and 2) the neuroprotective mechanism of agomelatine. This study aimed to provide new insights in the therapy of AD.

Materials and methods
=====================

Materials
---------

Aβ~25--35~ (\#A4559), agomelatine (\#A1362), luzindole (\#L2407), the primary antibodies against phosphotau (Ser396) (\#SAB4504557), tau (\#SAB4501830), PTEN (\#SAB1406331), GAPDH (\#SAB2701826), goat antirab-bit IgG (\#A3687), and antibody antimouse IgG (\#M8770) were purchased from Sigma-Aldrich Co., St Louis, MO, USA. The primary antibodies against phospho-Akt (Ser473) (\#4060) and Akt (\#4691) were purchased from Cell Signaling Technology, Danvers, MA, USA. The primary antibodies against phospho-GSK3β (Ser9) (Ab131097) and GSK3β (Ab93926) were purchased from Abcam, Cambridge, UK. Cell counting kit-8 (CCK-8) (\#E606335-0500) and ROS assay kit (\#50101ES01) were obtained from Sango Biotech (Shanghai, China). Cell MDA assay kit (\#A003-4) and LDH assay kit (\#A020-2) were purchased from Nanjing Jiancheng Bioengineering Institute (China).

Cell culture
------------

PC12 cells were purchased from Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM basal culture medium (Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS (HyClone, Logan, UT, USA) and 1% penicillin--streptomycin at 37°C in 5% CO~2~ incubator. In agomelatine pretreatment group, after agomelatine pretreatment at different concentration for 24 hours, PC12 cells were then exposed to Aβ~25--35~ for 24 hours. In agomelatine posttreatment group, after Aβ~25--35~ pretreatment for 24 hours, PC12 cells were then exposed to agomelatine for 24 hours. Besides, in luzindole treatment group, PC12 cells were first treated with agomelatine in the presence of luzindole treatment for 24 hours, then exposed to Aβ~25--35~ for 24 hours.

Cell viability assay
--------------------

The cell viability was assessed by CCK-8 assay. PC12 cells were first plated into 96-well plates and incubated in DMEM medium at 37°C for 24 hours. After treatment, CCK-8 assay kit was used to determine cell viability, according to the manufacturer's instructions. The assays were performed in triplicate.

Measurement of malondialdehyde (MDA) production
-----------------------------------------------

To evaluate lipid peroxidation reactions, intracellular MDA generation was measured using the MDA assay kit. The cells were lysed by lysate buffer, and the lysate was used to measure the level of MDA according to the manufacturer's instructions. The results were expressed as OD values by determining the absorbance at 530 nm. The assays were performed in triplicate.

Lactate dehydrogenase (LDH) measurements
----------------------------------------

To assess oxidative stress-induced cell injury, LDH activity in the supernatant of PC12 cells was measured by a commercial kit. At the end of the different treatments, the experiment was performed following the manufacturer's instructions. The total absorbance was measured at 490 nm.

Measurement of ROS production
-----------------------------

Dichlorodihydrofluorescein diacetate (DCFH-DA), indicator of ROS, was used to analyze intracellular accumulation of ROS production. After staining with DCFH-DA for 30 minutes at 37°C, the cells were harvested by trypsinization, centrifuged, and suspended in 1 mL PBS buffer, as described in the ROS assay kit. The intracellular accumulation of ROS production was measured by flow cytometry (BD, Franklin Lakes, NJ, USA).

Western blot analysis
---------------------

After designated treatment, lysates were generated by RIPA lysis buffer, and then Bradford assay was performed to determine total protein concentrations. Subsequently, samples were prepared in sample buffer and heated to 95°C for 5 minutes. Equal amounts of lysates were fractionated using 10% SDS-PAGE and electrotransferred onto nitrocellulose membranes. Gels were run at a constant current (10--15 mA) for 3--4 hours for maximum separation. Wet transfer was performed for 1 hour at constant current (300 mA) using poly-vinylidenedifluoride membrane presoaked in methanol. The membrane was blocked in 5% milk in 0.2% Phosphate Buffered Saline Tween-20. The membrane was then washed in Phosphate Buffered Saline Tween-20 ×3 for 15 minutes each. After overnight incubation at 4°C with the primary antibodies (P-tau 1:1,000, tau 1:1,000, PTEN 1:1,000, P-Akt 1:1,000, Akt 1:1,000, P-GSK3β 1:1,000, GSK3β 1:1,000, GAPDH 1:5,000), the blots were washed and exposed for 1 hour to corresponding horseradish peroxidase-conjugated secondary antibodies. Chemiluminescent (Bio-Rad, Hercules, CA, USA) detection was then used to detect expression of each protein; GAPDH levels served as internal loading controls.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS 16.0 statistical software. All data were expressed as mean ± SEM from at least three independent experiments. *P*-values were determined using one-way ANOVA. Significance was defined as *P*\<0.05.

Results
=======

Agomelatine prevents Aβ~25--35~-induced oxidative injury in PC12 cells
----------------------------------------------------------------------

To assess Aβ~25--35~-induced oxidative damage in PC12 cells, the pretreatment study was conducted first. The concentration of MDA and LDH was determined. Then ROS level was analyzed via flow cytometry analysis. As shown in [Figure 1A](#f1-dddt-13-387){ref-type="fig"}, the result of CCK-8 assay showed that cell viability was significantly reduced by Aβ~25--35~ treatment (20 µM) (*P*\<0.05), and the injury effect was remarkably attenuated by agomelatine with different concentrations (20, 200 µM). Besides, as shown in [Figures 1B and C](#f1-dddt-13-387){ref-type="fig"}, Aβ~25--35~ (20 µM) could obviously increase the concentration of MDA, LDH, and ROS in PC12 cells (*P*\<0.01), and agomelatine pretreatment could protect against the oxidative damage (*P*\<0.05). Second, the effect of agomelatine postinsult was investigated. As shown in [Figure 1D](#f1-dddt-13-387){ref-type="fig"}, after PC cells were already stressed with Aβ~25--35~ treatment, agomelatine posttreatment could obviously reverse the increase in ROS level induced by Aβ~25--35~. The results demonstrated that agomelatine provided protective effect on Aβ-induced oxidative injury in vitro.

Agomelatine protects against Aβ~25--35~-induced tau phosphorylation in PC12 cells
---------------------------------------------------------------------------------

To assess the extent of tau phosphorylation, Western blot analysis was explored. As shown in [Figure 2](#f2-dddt-13-387){ref-type="fig"}, as compared to control, the protein expression of P-tau and P-tau/tau ratio were significantly upregulated in Aβ~25--35~-treated group (20 µM) and indicated that Aβ~25--35~ could promote tau phosphorylation in PC12 cells. Furthermore, agomelatine pretreatment could downregulate increased P-tau expression and P-tau/tau ratio induced by Aβ~25--35~. Therefore, we concluded that agomelatine could attenuate tau protein hyperphosphorylation induced by Aβ~25--35~ in AD.

To explore the potential molecular mechanism contributing to the neuroprotective activity of agomelatine, the melatonin receptor antagonist luzindole was used. First, oxidative stress response was evaluated. As shown in [Figures 3A and C](#f3-dddt-13-387){ref-type="fig"}, Aβ~25--35~ (20 µM) obviously promoted the generation of MDA, LDH, and ROS, and agomelatine (20 µM) pretreatment significantly blocked Aβ~25--35~-induced increase in MDA, LDH, and ROS production (*P*\<0.05). Moreover, when cotreated with luzindole (1 µM), this effect could be reversed (*P*\<0.05). Second, tau protein phosphorylation was determined by Western blot analysis. As shown in [Figure 3B](#f3-dddt-13-387){ref-type="fig"}, Aβ~25--35~ (20 µM) remarkably upregulated the expression of P-tau protein (*P*\<0.01), and Aβ~25--35~-induced tau phosphorylation could be blocked by agomelatine (20 µM). When compared with agomelatine group, P-tau/tau ratio obviously increased by luzindole (1 µM) cotreatment. According to the results, we found that the anti-oxidative and anti-tau protein phosphorylation effect of agomelatine was prevented by melatonin receptor antagonist luzindole. Therefore, agomelatine may provide neuroprotective function by activating melatonin receptor.

The signaling pathway involved in the neuroprotective effect of agomelatine
---------------------------------------------------------------------------

PTEN/Akt/GSK3β signaling pathway plays an important role in the process of oxidative stress and tau protein hyperphosphorylation. Thus, Western blot analysis was explored to detect the expression of PTEN, P-Akt, Akt, P-GSK3β, and GSK3β. As shown in [Figure 4](#f4-dddt-13-387){ref-type="fig"}, Aβ~25--35~ (20 µM) obviously promoted the upregulation of PTEN expression and decreased P-Akt and P-GSK3β expression (*P*\<0.01). Furthermore, agomelatine pretreatment could partly inhibit the effect of Aβ~25--35~. When cotreated with luzindole, agomelatine-induced PTEN/Akt/GSK3β pathway inhibition was obviously reversed. According to the results, we concluded that agomelatine may exert anti-oxidative effect and prevent tau hyperphosphorylation through activating MT-PTEN/Akt/GSK3β signaling.

Discussion
==========

As the most prevalent neurodegenerative disease, the etiology of AD is not well understood.[@b18-dddt-13-387],[@b19-dddt-13-387] The extracellular deposition of Aβ plaques and the accumulation of intracellular NFT are considered to be the most crucial pathophysiology of AD.[@b1-dddt-13-387] Tau protein plays an important role in maintenance of the integrity of genomic DNA,[@b20-dddt-13-387] regulation of neuronal activity,[@b21-dddt-13-387] and neurogenesis.[@b22-dddt-13-387] Generally, to maintain physiological functions of tau, an appropriate extent of phosphorylation is necessary, modulated by various protein kinases and phosphatases, including proline-directed protein kinases (PDPKs), non-PDPKs, and tyrosine kinases.[@b23-dddt-13-387] In the pathological state, tau protein hyperphosphorylation promoted microtubule instability,[@b24-dddt-13-387] axon transport impairment,[@b25-dddt-13-387] and altered its truncation,[@b26-dddt-13-387] eventually leading to neurodegeneration. Tau phosphorylation is involved in several neurodegenerative diseases, including AD and FTDP-17. In the progression of AD, tau protein hyperphosphorylation has been reported to drive tau aggregation, and tau aggregation is essential for tau-induced toxicity.^2^ Several experiments indicated that Aβ exposure could aggravate tau-mediated neurotoxicity by facilitating tau phosphorylation, leading to spine collapse and dendritic degeneration.[@b3-dddt-13-387] In our study, we found that Aβ could obviously promote tau protein phosphorylation by upregulation of P-tau expression and P-tau/tau ratio in PC12 cells, which suggested that interaction between Aβ and tau might facilitate the development of AD.

A lot of evidence revealed that oxidative stress is involved in the development and progression of AD. It has been widely accepted that oxidative stress damage contributes to initiation and progression of AD,[@b27-dddt-13-387] through several pathways, including 1) aggravation of Aβ production, secretion, and aggregation;[@b28-dddt-13-387]--[@b30-dddt-13-387] 2) causing mitochondrial dysfunction;[@b31-dddt-13-387] and 3) promoting hyperphosphorylation of tau proteins, tau-mediated toxicity, and intracellular NFT formation.[@b32-dddt-13-387] Our results showed that Aβ~25--35~ treatment could significantly enhance oxidative stress response by increasing the concentration of MDA, LDH, and ROS, which indicate that oxidative stress may play an important role in Aβ-induced toxicity and pathological process of AD.

Furthermore, several anti-oxidative and anti-tau protein hyperphosphorylation therapeutic strategies show great potential in treating AD.[@b9-dddt-13-387],[@b10-dddt-13-387] In addition, AD often manifests with multiple comorbidities such as depression. More and more evidence demonstrated that antidepressants exert a neuroprotective effect in the development of AD.[@b12-dddt-13-387] As a novel antidepressant drug, agomelatine, widely applied in clinic, could act on the SCN, hippocampus, frontal cortex, and striatum. Agomelatine was quite helpful not only for insomnia through improvement of sleep duration and restoration of the circadian rhythm[@b33-dddt-13-387] but also for anxiety and depressive symptoms and has no adverse effects on cognition during the treatment of patients, especially the elderly.[@b34-dddt-13-387] Agomelatine is effective in the therapy of mood disorder in AD. Furthermore, animal studies have demonstrated that agomelatine treatment could increase generation of brain-derived neurotrophic factor levels and promote hippocampal and prefrontal cortex neogenesis.[@b17-dddt-13-387] On the other hand, agomelatine was found to provide potent antioxidative effect in multiple disease models. It was shown that agomelatine potentially helps reducing testicular damage by decreasing oxidative stress level in STZ-induced type I diabetic rats.[@b35-dddt-13-387] In ischemic stroke animal model, agomelatine treatment could protect the brain from cerebral I/R injury by anti-apoptosis and antioxidant properties.[@b14-dddt-13-387] In rats with chronic mild stress-induced depression, agomelatine exhibited protective effects against brain, kidney, and liver oxidative damage by regulation of the glutathione concentrations and glutathione peroxidase activity.[@b15-dddt-13-387] However, it remains unclear whether agomelatine exerts neuroprotection in AD. In our study, we first reported that agomelatine could significantly prevent Aβ~25--35~-induced increase in P-tau expression and P-tau/tau ratio. Moreover, as compared to Aβ~25--35~ group, agomelatine pretreatment could alleviate oxidative stress damage caused by Aβ~25--35~ by decreasing the generation of MDA, LDH, and ROS. Our results indicated that agomelatine had great potential for inhibiting tau protein hyperphosphorylation and oxidative damage in AD.

Then the neuroprotective mechanism of agomelatine was investigated. Agomelatine is a receptor agonist that affects both MT1 and MT2 melatonin receptors and an antagonist that affects 5HT 2C receptors. Previous studies demonstrated that MT receptors are obviously decreased in multiple brain areas such as the pineal gland, pyramidal and cortical layers, and hippocampus in AD.[@b36-dddt-13-387],[@b37-dddt-13-387] MT receptors regulate the neurotoxicity and clearance of amyloid-β,[@b38-dddt-13-387],[@b39-dddt-13-387] the stabilization of synapses,[@b40-dddt-13-387] the generation of neurofibrillary tangles, and level of oxidative stress in AD.[@b41-dddt-13-387] In our study, after luzindole pretreatment, we found the novel results that the decrease in P-tau/tau ratio and oxidative production by agomelatine was obviously upregulated. The study revealed that luzindole, antagonist of melatonin receptor, could reverse the anti-tau phosphorylation and anti-oxidative stress effect provided by agomelatine in Aβ-treated PC12 cells; therefore, we speculated that agomelatine may prevent the pathological injury by activating melatonin receptor in AD.

On the other hand, PTEN/Akt/GSK3 signaling pathway is closely related to the onset and progression of AD. As a serine/threonine protein kinase, GSK3 exists in two isoforms, GSK3α and GSK3β, expressed in brain abundantly. GSK3 activity could be modulated by the site-specific phosphory-lation of GSK3β, for example, ser9 of GSK3β inhibits its activity.[@b42-dddt-13-387] GSK3 signaling is involved in a number of cellular pathological and physiological process, including glucose regulation, inflammation, oxidative stress, and apoptosis.[@b43-dddt-13-387],[@b44-dddt-13-387] A lot of evidence has shown that both GSK3 isoforms were abnormally activated in the brains of postmortem AD samples and AD animal model,[@b45-dddt-13-387],[@b46-dddt-13-387] resulting in excessive Aβ formation and aggregation.[@b47-dddt-13-387] Besides, GSK3 activation in AD significantly promotes tau protein hyperphosphorylation, leading to the formation of NFTs and neuronal death.[@b48-dddt-13-387],[@b49-dddt-13-387] Therefore, GSK3 is widely known as the key kinase responsible for the hyperphosphorylation of tau protein, and GSK3 inhibitor provides potential neuroprotective function in the development of AD.[@b48-dddt-13-387] GSK3 activity is regulated by several upstream kinases, such as PTEN (also named MMAC1/TEP1). PTEN is considered as a dual phosphatase with both protein and lipid phosphatase activities, modulating cellular growth, survival, and metabolism.[@b50-dddt-13-387] It is now well established that PTEN could inhibit a major cell growth and survival signaling pathway, including PI3K/AKT signaling pathway,^51^ and upregulate the expression and activity of GSK3.[@b52-dddt-13-387]--[@b54-dddt-13-387] Furthermore, targeted suppression of PTEN activity could protect against oxidative stress damage, neurotoxicity,[@b55-dddt-13-387],[@b56-dddt-13-387] endoplasmic reticulum stress,[@b57-dddt-13-387] and tau hyperphosphorylation[@b56-dddt-13-387] in the brain of patients with AD. However, little is known about the link between agomelatine, MT receptors, and PTEN/Akt/GSK3β signaling in AD. According to our study, we found the novel results that Aβ~25--35~ obviously activated PTEN/Akt/GSK3β signaling by increasing PTEN expression and decreasing P-Akt and P-GSK3β expression. Moreover, agomelatine could prevent the effect of Aβ~25--35~ through inhibition of PTEN/Akt/GSK3β axis, which was reversed by melatonin receptor antagonist luzindole. Our study demonstrated that the neuroprotective effect provided by agomelatine was via activating MT-PTEN/Akt/GSK3β signaling pathway. The results have not been published before and revealed the novel neuroprotective mechanism of agomelatine in AD.

Conclusion
==========

Our data presented that antidepressant agomelatine could prevent the tau protein phosphorylation and oxidative damage induced by Aβ~25--35~ in PC12 cells. Furthermore, agomelatine might exert protective effect by activating MT-PTEN/Akt/GSK3β signaling pathway. Importantly, the neuroprotective effect of agomelatine must be discussed in vivo in AD animal models in the future.[@b58-dddt-13-387],[@b59-dddt-13-387] The data above revealed the neuroprotective function of agomelatine in AD-associated pathological injury and provided new insights in the therapy of AD.
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Effects of agomelatine on oxidative stress induced by Aβ~25--35~ in PC12 cells.

**Notes:** (**A**, **B**) Measurement of cell viability, MDA, and LDH. PC12 cells were preincubated with or without agomelatine for 24 hours and then incubated with Aβ~25--35~ (20 µM) for 24 hours. (**C**) Measurement of ROS via flow cytometry analysis. PC12 cells were preincubated with or without agomelatine (2, 20, and 200 µM) for 24 hours and then incubated with Aβ~25--35~ (20 µM) for 24 hours. (**D**) Measurement of ROS via flow cytometry analysis. After Aβ~25--35~ pretreatment for 24 hours, PC12 cells were then exposed to agomelatine for 24 hours. Data represent the mean ± SEM of three independent experiments (n=3). \**P*\<0.05 vs control; \*\**P*\<0.01 vs control; ^\#^*P*\<0.05 vs Aβ~25--35~ group; ^\#\#^*P*\<0.01 vs Aβ~25--35~ group.

**Abbreviations:** Aβ~25--35~, amyloid beta 25--35; Ago, agomelatine; CCK-8, cell counting kit-8; DCFH-DA, dichlorodihydrofluorescein diacetate; LDH, lactate dehydrogenase; MDA, malondialdehyde.
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![Effects of agomelatine on tau phosphorylation induced by Aβ~25--35~ in PC12 cells.\
**Notes:** Measurement of P-tau and tau expression by Western blot in PC12 cells. PC12 cells were preincubated with or without agomelatine (20 µM) for 24 hours and then incubated with Aβ~25--35~ (20 µM) for 24 hours. Data represent the mean ± SEM of three independent experiments (n=3). \**P*\<0.05 vs control; ^\#^*P*\<0.05 vs Aβ~25--35~ group.\
**Abbreviations:** Aβ~25--35~, amyloid beta 25--35; Ago, agomelatine.](dddt-13-387Fig2){#f2-dddt-13-387}

![Effect of agomelatine and luzindole on oxidative stress and tau phosphorylation induced by Aβ~25--35~ in PC12 cells.\
**Notes:** (**A**, **C**) Measurement of MDA, LDH, and ROS. PC12 cells untreated or treated with agomelatine (20 µM) for 24 hours in the absence or presence of luzindole (1 µM) for 24 hours were exposed to Aβ~25--35~ (20 µM) for 24 hours. (**B**) Measurement P-tau and tau expression by Western blot. PC12 cells untreated or treated with agomelatine (20 µM) for 24 hours in the absence or presence of luzindole (1 µM) for 24 hours were exposed to Aβ~25--35~ (20 µM) for 24 hours. Data represent the mean ± SEM of three independent experiments (n=3). \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** Aβ~25--35~, amyloid beta 25--35; Ago, agomelatine; DCFH-DA, dichlorodihydrofluorescein diacetate; LDH, lactate dehydrogenase; MDA, malondialdehyde.](dddt-13-387Fig3){#f3-dddt-13-387}

![The signaling involved in the neuroprotective effect of agomelatine. Measurement of PTEN, P-Akt, Akt, P-GSK3β (Ser9), and GSK3β expression by Western blot in PC12 cells.\
**Notes:** PC12 cells untreated or treated with agomelatine (20 µM) for 24 hours in the absence or presence of luzindole (1 µM) for 24 hours were exposed to Aβ~25--35~ (20 µM) for 24 hours. Data represent the mean ± SEM of three independent experiments (n=3). \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** Aβ~25--35~, amyloid beta 25--35; Ago, agomelatine.](dddt-13-387Fig4){#f4-dddt-13-387}
